Subhook swelling of 4-day-old etiolated pea seedlings (var. Alaska), caused by 0.5 microliter per liter ethylene, was prevented by preincubation and continued growth in 0.1 mM gibberellic acid (GA). The subhook region exhibited normal elongation and cell size and volume. However, inhibition of elongation and cessation of cell division caused by 0.5 microliter per liter ethylene in the apical hook region of the etiolated pea stem were not overcome by GA. Most of the arrested cells were in G2. These data suggest a possible interaction of GA and ethylene in cell enlargement in the subhook region of the etiolated pea seedlings. They also suggest a different mode of action by ethylene in the apical hook region where the ethylene effect was not counteracted by GA.
Generally, ethylene inhibits or alters growth of plant tissues, or does both. This is most dramatic in stems of ethylene-treated etiolated pea seedlings that show the so-called "triple response": stunting, swelling, and diageotropism (9) . These effects of ethylene are caused by alterations in the subhook region of the pea epicotyl, where final stages of cell elongation occur, and by inhibition of growth (cell division and cell elongation) in the apical hook region (1, 2) . Effects of ethylene can be interpreted as the result of interaction between endogenous growth-promoting hormones and the applied ethylene (10) . Since both cell division and cell elongation in dwarf peas are influenced by the action of gibberellins (3), it seemed possible that gibberellins could antagonize the action of ethylene in etiolated pea seedlings. Experiments testing this possibility are reported here. Gibberellic acid counteracted the effects of ethylene in the late stages of cell elongation in the subhook region, but it had no influence on ethylene-induced inhibition of early stages of cell elongation and the arrest of cell division in the apical hook region.
MATERIALS AND METHODS
Seeds of Pislim sativum L. cv Alaska, treated with 1.0% sodium hypochlorite for 15 min and soaked for 24 hr in running aerated tap water, were placed in 400-ml beakers (about 15 seeds per beaker) containing 15 ml of either water or a -olution of 0.1 mm gibberellic acid (GA). The beakers were kept in the dark at 25 C and approximately 80% relative humidity. After 96 hr all seedlings were ink-marked at the elbow of the stem and at a point 6 mm below the elbow, thus delimiting the subhook region (Fig. 1) . One lot from the water controls and one from the GA treatments were allowed to continue growth in air. A second lot of both the water and GAgrown seedlings was placed in an atmosphere of 0.5 Al/liter ethylene for a 24-hr period. After 24 hr, seedlings were taken from each treatment and examined for growth. Additional seedling lots were removed from ethylene and allowed to recover 24 or 48 hr before being examined once more for growth.
We designate the region of the etiolated seedling stem proximal to the sharp bend (the elbow) as the subhook region and the region distal to the elbow as the apical hook region (Fig. 1) .
Examinations for growth (elongation) included measurements of the length of each internode, the distance between ink marks, and the distance from the distal ink mark to the elbow of each seedling. Freehand trans-and longisections were made at the region of maximal swelling of the ethylene-treated stems. Since the maximal swelling due to ethylene occurred at a point approximately four-sevenths of the way down in the initial ink-marked subhook region, sections of stem from the water and GA treatments were made at the same relative point between the ink marks: at 7 and 8 mm for the "water-air" controls and the "GA-ethylene" treatments, respectively, and at 19 mm for the "GA-air" treatment. The sections were photographed, and, on the projected images in the aforementioned subhook region, we measured length and diameter of 10 of the largest cortex cells in 10 stems from each treatment. Cell volumes were calculated from these measurements. All measurements are presented as ratios relative to the control treatment. The intact seedlings were examined with a dissecting microscope at 10 to 70x magnification, and the presence and distribution of hair-like protrusions of the epidermal cells were determined.
Information on cell division cycle (16) was obtained by killing and fixing apical tips of seedlings from each treatment after the first 24 hr of growth. Longitudinal sections of the apex were prepared and stained with crystal violet-hematoxylin. Apical tips of other seedlings, removed after 24 hr in ethylene or air, were treated for 6 hr in 0.2% colchicine solution before killing and staining. Colchicine treatment arrests the cell division cycle at metaphase, producing C-metaphases (6) .
The data in Table I Measurements of cortex cells in the subhook region, at points comparable to the region of maximal swelling in the water-ethylene treatment (Fig. 7) , revealed that water-ethylenetreated cells had the greater diameters, but were not as long as water-air-treated cortex cells (Fig. 4) . GA-air-treated cells (Fig. 5) , on the other hand, had a smaller diameter but were considerably longer than the water-air controls. On the average the cortex cells of GA-ethylene treatment (Fig. 6) were as long as, but of slightly larger diameter than the water-air controls (Table I) .
Total growth (cell volume) of the subhook region was greater in both water-ethylene-treated and GA-air-treated stems than in the water-air controls (Table I) . Volume of GAethylene subhook cortical cells was about the same as waterair control subhook cells. Both ethylene-treated stems produced root hair-like protrusions in epidermal cells of the subhook region. The combined treatment of ethylene and GA resulted in subhook seedling growth that was similar to growth of the water-air control.
Apical Hook Growth. Cell elongation in the hook was stopped by ethylene; i.e., the ink mark placed at the elbow remained at the elbow during the 24 hr of exposure (Fig. 2, c,d ).
During the same 24 hr in air, growth in the hook produced 12 and 19 mm of stem (new subhook) between the upper ink mark and the elbow in the water-air and GA-air treatments, respectively (Table I and Fig. 2, a,b) . Treatment with GA and ethylene resulted in 1 mm of growth in this region, indicating virtually complete control by ethylene in this region and no opposition from GA. However, upon removal from ethylene there was rapid and apparently complete resumption of growth in the hook region with no further inhibitory effects of the prior ethylene treatment. Elongation (new subhook) in the 24-and 48-hr periods after removal from ethylene was comparable to that of seedlings in the nonethylene treatments 24 hr earlier (Fig. 8) . With continuous exposure to ethylene for 72 hr there was only limited growth in this region (Fig. 3) .
Growth of Apical Meristem. As evidenced by the mitotic Figure 2 . The stems were sectioned at a position slightly below the mid point between the ink marks. Fig. 4 : "water-air" treatment; index, cell division was arrested within the 24-hr period of exposure to ethylene, in the seedlings both in water-ethylene and in GA-ethylene. A normal mitotic index was observed (Table II and Fig. 9 ) in air-water and air-GA treatments. The apices from the ethylene treatments contained no mitoses and large numbers of cells in what was apparently a very early prophase (Fig. 10) . Cell division resumed promptly upon removal from ethylene. The apical meristems of seedlings from the water-air treatment, held in 0.2% colchicine 6 hr before killing and staining, contained a number of C-metaphases (6), i.e., cells arrested in metaphase with the daughter chromosomes separated except at the kinetochore. The water-ethylene meristems showed more than twice as many C-metaphases (Table II).
DISCUSSION
Analysis of growth of stems of 5-to 6-day-old etiolated pea seedlings involves consideration of three regions of growth: (a) the apical meristem, in which growth is principally by cell division; (b) the elbow or hook region of the stem, where most cell division has stopped and elongation occurs; and (c) the subhook region, immediately below the hook, where final rapid' elongation occurs. Ethylene inhibits or alters growth in all these regions (1, 2) . Since different physiological and biochemical processes are involved in cell division and in initial and final phases of cell elongation, ethylene is undoubtedly inhibiting different mechanisms in these different stages of growth. Evidence supporting this interpretation was provided in these experiments by the demonstration that GA could counteract the inhibitory action of ethylene on elongation in the subhook region but had no effect on inhibition of elongation or cell division caused by ethylene in the hook region and the apical meristem, respectively. Cytokinins and auxins are presumed to be the major hormones involved in cell division and cell enlargement, respectively (7, 15) , but gibberellins also appear to play a major role in cell elongation (4) . Therefore, the inability of GA to counteract the inhibitory action of ethylene in the hook and apical meristem and its opposition to ethylene action in the subhook region suggest that in normal growth ethylene may act by controlling the function of GA in the subhook region and perhaps that of other hormones in the hook and apical meristem regions. It is possible that GA acts by overcoming the inhibitory effect of ethylene on polar trans- Opposition of GA to the action of ethylene in pea seedling stems has previously been noted by Fuchs and Lieberman (8) . Palmer (12) has shown that GA tends to oppose the action of ethylene in epinasty. GA also opposed the action of ethylene on fruit ripening (5 Since colchicine interferes primarily with spindle formation and anaphase movement in mitosis, the number of C-metaphases accumulated in a given period of exposure to colchicine is a measure of the number of cells whose position in the cell division cycle allows them to progress to metaphase during that time. Thus the number of C-metaphases in the water-air controls is a result and also a measure of the unsynchronized cell divisions in a normal apical meristem. The divisions are unsynchronized in the sense that at any given time some cells will be in G, some in S, some in G2, and a few in M. At any one time far more cells are in interphase (G,, S, and G.) than in M (mitosis). The much higher number of C-metaphases in apices of the water-ethylene-treated shoots indicates at least a partial synchronization. Apparently the mitotic arrest imposed by ethylene was not immediate; i.e., it did not stop cells at the stage of the cell division cycle they were in when ethylene was applied. In ethylene, cells progressed to a point in the cell division cycle from which they were able to reach metaphase within 6 hr after removal from ethylene. The duration of the entire cell division cycle in shoot apices is considerably longer (more than 48 hr) than in root meristems (14) . Therefore, a 10 I FIGS. 9-10. Median longisections of stem apices of etiolated pea seedlings. Fig. 9 : control seedling after 120 hr in "water-air." Note the cells in mitosis (arrows) and various stages of interphase. large accumulation of C-metaphases after only 6 hr of exposure to colchicine suggests that ethylene arrests cell division in G2 or very early prophase, just as the cytological examination also indicated.
These experiments demonstrate that ethylene inhibits or alters growth in different regions of the pea stem in quite different and specific ways. They further suggest that ethylene may act by opposing hormone action in these different regions of growth.
It should be stressed, however, that these opposing actions, as with GA and ethylene, are not primary effects but merely represent the countereffects of secondary reactions. Thus, the swelling response caused by ethylene is opposed by the cell elongation response caused by GA.
